Nine new gastrodin derivatives, including seven p-hydroxybenzyl-modified gastrodin ethers (1-7), 6′-O-acetylgastrodin (8), and 4-[α-d-glucopyranosyl-(1 →6)-β-d-glucopyranosyloxy]benzyl alcohol (9), together with seven known derivatives, were isolated from an aqueous extract of Gastrodia elata ("tian ma") rhizomes. Their structures were determined by spectroscopic and chemical methods as well as single crystal X-ray diffraction. Compounds 1-4, 7, 10, and 11 were also isolated from a reaction mixture by refluxing gastrodin and p-hydroxybenzyl alcohol in H 2 O. As both gastrodin and p-hydroxybenzyl alcohol exist in the plant, the reaction results provide evidence for the production and increase/decrease of potential effective/toxic components when "tian ma" is decocted solely or together with ingredients in Chinese traditional medicine formulations, though the isolates were inactive in the preliminarily cell-based assays at concentrations of 10 μM. Moreover, using ultraperformance liquid chromatography high-resolution electrospray ionization mass spectrometry (UPLC-HRESIMS), 4, 7, 10, and 11, as well as component variations, were detectable in the freshly prepared extracts of different types of samples, including the freeze-dried fresh G. elata rhizomes.
Introduction
Rhizoma Gastrodiae ("tian ma") is an important tonic herbal medicine derived from Gastrodia elata Blume (Orchidaceae) rhizomes. Its medicinal application for improving health We dedicate this paper to Prof. Sun Han-Dong on the occasion of his 80th birthday.
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Extended author information available on the last page of the article conditions and treating neuralgic and nervous disorders can be traced back to the earliest Chinese pharmacopeia "Shen Nong Ben Cao Jing" [1] [2] [3] . Chemical and pharmacological studies have characterized different structural features and biological activities of the constituents of the G. elata material extracts, indicating enrichment in bioactive metabolites containing p-hydroxybenzyl . Although EtOH or MeOH are common protocols used for extracting chemical components from plant material, in most cases herbal medicine is decocted with water, with the aqueous decoctions then applied to treat patients. Undoubtedly, chemical reactions occur during decocting, and the resulting artificial products are highly suspected of playing important roles in the theory of Chinese medicine, although concrete proof is yet to be reported in many cases. Thus, we systematically studied the chemical constituents of an aqueous extract of "tian ma" to unravel the chemical and biological diversity of certain traditional Chinese medicines [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] . We previously reported on 51 compounds from the aqueous extract, including seven new p-hydroxybenzyl-substituted amino acids, seven new p-hydroxybenzyl-substituted glutathione derivatives, one new N,N-bis(p-hydroxybenzyl)-substituted ergothioneine, and one new bis(p-hydroxybenzyl)-substituted 9,9′-neolignan with a novel carbon skeleton [38] [39] [40] [41] .
In addition, at a dosage of 5.0 mg kg −1 , a fraction containing mainly p-glucopyranosyloxybenzyl citrates was found to improve scopolamine and cycloheximide impaired memory in mice [42] , with N 6 -(p-hydroxybenzyl)adenosine isolated as the key sedative constituent of the extract [43, 44] and benzyl tetramer (20C) showing neuroprotective effects and the potential to alleviate several symptoms of Parkinson's Disease (PD) [45] [46] [47] [48] [49] . Herein, we reported on the isolation and structural elucidation of nine new gastrodin derivatives modified at the glucosyl unit (1-9) and seven known derivatives, along with investigation of the potential production of "tian ma" constituents during decocting.
Results and Discussion
Compound 1 was obtained as a white amorphous powder ( Fig. 1 ). Its infrared (IR) spectrum showed the presence of hydroxy (3354 cm −1 ) and aromatic ring (1612 and 1513 cm −1 ) functionalities. The positive ion electrospray ionization mass spectrometry (ESIMS) of 1 exhibited quasi-molecular ion peaks at m/z 415 [ , and 4.72 and 4.65 (1H each, d, J = 11.0 Hz, H-7″a and H-7″b). In addition, the spectrum showed β-glucopyranosyl with an anomeric proton resonated at δ H 4.97 (1H, d, J = 7.5 Hz, H-1′) and five carbon-bearing protons resonated between δ H 3.19 and 3.70. The presence of the above units was verified by 13 C NMR and distortionless enhancement by polarization transfer (DEPT) spectroscopic data ( Table 2 ) and further confirmed by 2D NMR data analysis (Fig. 2 ). In the heteronuclear multiple bond correlation (HMBC) spectrum of 1, the three-bond heteronuclear correlations of C-4 with H-1′, C-2′ with H 2 -7″, and C-7″ with H-2′ revealed that C-4 of one p-hydroxybenzyl alcohol-derived unit was substituted by β-glucopyranosyloxy, with C-2′ linked through an ether bond to C-7″ of the other p-hydroxybenzyl alcohol-derived unit. Furthermore, PtO 2 -catalyzed hydrogenation of 1 yielded p-hydroxybenzyl alcohol and gastrodin, which were identified by comparison of their 1 H NMR spectroscopic data with those of authentic samples. The gastrodin obtained from the hydrogenation of 1 had [ ] 20 D − 57.5 (c 0.25, MeOH), which was identical to that of the authentic sample [ ] 20 D − 58.0 (c 0.25, MeOH). Therefore, the structure of compound 1 was identified as 2′-O-(4″-hydroxybenzyl)gastrodin. Compound 2 exhibited spectroscopic data similar to 1. When comparing the NMR spectroscopic data of the two compounds (Tables 1 and 2) , H-1′-H-5′ and C-2′ and C-4′ in 2 were shielded by Δδ H > − 0.02 and Δδ C − 7.9 and − 0.7, respectively, whereas H-2″/6″ and C-3′ were deshielded by +0.06 and Δδ C + 8.6, respectively. In addition, the AB coupling system of H 2 -7″ in 1 was replaced by a singlet at δ H 4.69 in 2. These differences suggested that the 4″-hydroxybenzyl at C-2′ in 1 migrated to C-3′ in 2, which was confirmed by 2D NMR data analysis ( Fig. 2 ), particularly the HMBC correlations of C-3′ with H 2 -7″. Based on a hydrogenated mixture of 2 with the PtO 2 catalyst, p-hydroxybenzyl alcohol and gastrodin were isolated and identified using the same protocol as described for 1. Therefore, the structure of compound 2 was determined to be 3′-O-(4″hydroxybenzyl)gastrodin, as confirmed by crystallographic analysis of a suitably crystal grown in a mixed solvent of EtOH−H 2 O (1:1), with the ORTEP diagram of the crystal structure shown in Fig. 3 .
The spectroscopic data of 3 indicated that this compound was another isomer of 1 and 2. Comparison of the NMR spectroscopic data between 3 and 2 (Tables 1 and 2) demonstrated that H-4′ and H-6′b and C-3′ and C-5′ in 3 were shielded by Δδ H − 0.09 and − 0.01 and Δδ C − 7.8 and − 1.2, respectively; in contrast H-3′ and H-5′ and C-2′ and C-4′ were deshielded by Δδ H + 0.11 and + 0.07 and Δδ C + 0.5 and + 8.1, respectively. Moreover, unlike the singlet in 2, H 2 -7″ appeared as an AB coupling system in 3 at δ H 4.73 and 4.44 (each d, J = 11.0 Hz). From these differences, in combination with the HMBC correlation from H-4′ to C-7′′ ( Fig. 2) , the structure of compound 3 was elucidated as 4′-O-(4″hydroxybenzyl)gastrodin, as confirmed by hydrogenation using the aforementioned method.
From spectroscopic data, compound 4 was identified as another isomer of 1-3. Based on the chemical shift changes of C-4′ (Δδ C − 7.4) and C-6′ (Δδ C + 8.8) in 4 as those in 3, together with the correlations from H 2 -6′ to C-7′′ in the HMBC spectrum ( Fig. 2) and production of p-hydroxybenzyl alcohol and gastrodin by PtO 2 -catalyzed hydrogenation, the structure of compound 4 was determined to be 6′-O-(4″hydroxybenzyl)gastrodin. (Tables 1, 2 ). The NMR spectra of 5 displayed signals ascribable to three inequivalent p-hydroxybenzyloxy units and a β-glucopyranosyl moiety. This indicated that 5 was a derivative of 1, 2, 3, or 4, with one more p-hydroxybenzyloxy unit. In the HMBC spectrum of 5, the correlations of H-1′/C-4, H 2 -7′′/C-2′, and H 2 -7′′′/C-6′ ( Fig. 2 ), together with their chemical shifts, revealed that the three p-hydroxybenzyloxy units were located at C-1′, C-2′, and C-6′ of β-glucopyranosyl, respectively. Therefore, the structure of compound 5 was identified as 2′,6′-di-O-(p-hydroxybenzyl)gastrodin.
The spectroscopic data of 6 indicated it to be an isomer of 5. Comparison of the NMR spectroscopic data between 6 and 5 indicated that H-2/6, H-3/5, H-3′, H-5′, C-1, and C-6′ in 6 were shielded by Δδ H − 0.09, − 0.28, − 0.14, and − 0.24 and Δδ C − 7.0 and − 7.9, respectively, whereas C-5′ and C-7 were deshielded by Δδ C + 2.4 and + 9.3, respectively. These results indicated that p-hydroxybenzyloxy at C-6′ and hydroxy at C-7 in 5 exchanged their positions in 6, as verified by the HMBC correlations of H-1′/C-4, H-2′/C-7″, H 2 -7/C-7′′′, and H 2 -7′′′/C-7. Accordingly, the structure of compound 6 was determined as 2′,7-di-O-(p-hydroxybenzyl) gastrodin.
Based on spectroscopic data, compound 7 was identified as isomer of 5 and 6. Comparing the NMR spectroscopic data between 7 and 6, C-6′ in 7 was deshielded by Δδ C +7.9, whereas C-2′ and C-5′ were shielded by Δδ C -8.5 and -2.2, respectively. Based on these differences, together with the correlations of H-1′/C-4, H 2 -6′/C-7″, H-7/C-7′′′, and H-7′′′/C-7 in the HMBC spectrum of 7 (Fig. 2) , the structure of compound 7 was classified as 6′,7-di-O-(p-hydroxybenzyl)gastrodin.
The molecular formula of compound 8 was determined as C 15 The spectroscopic data of 9 were similar to those of 4-[β-d-glucopyranosyl-(1→6)-β-d-glucopyranosyloxy] benzyl alcohol [50] . However, the 1 H NMR spectrum of 9 displayed a characteristic anomeric proton signal at δ 4.67 (1H, d, J = 3.5 Hz, H-1′′), replacing that of the outer β-dglucopyranosyl in the known compound. Based on this, along with liberation of only glucose as sugar from acid hydrolysis, the structure of compound 9 was identified as 4-[α-d-glucopyranosyl-(1→6)-β-d-glucopyranosyloxy]benzyl alcohol.
By comparing the measured and reported spectroscopic data, the known compounds were identified, respectively, as 4-(β-d-glucopyranosyloxy)benzyl 4-hydroxybenzyl ether (10) [50] , bis-(4-β-d-glucopyranosyloxy)benzyl ester [51] , and 3-methoy-4-(β-d-glucopyranosyloxy)benzyl alcohol [52] .
All isolated compounds were evaluated using preliminary in vitro assays, including neuroprotective activity against serum deprivation-induced PC12 cell damage [53] , H 2 O 2and L-glutamate-induced SK-N-SH cell injury [54, 55] , inflammation inhibitory activity against TNF-α production in RAW264.7 cells [56] , antioxidant activity against Fe 2+ / cysteine-induced liver microsomal lipid peroxidation [53] , cytotoxicity against human cancer cell lines [57] , and antiviral activity against HIV-1 replication [57] , but inactive at a concentration of 10 μM.
The new isolates (1-9) were gastrodin derivatives, with one or two additional p-hydroxybenzyl groups as well as an acetyl or α-glucopyranosyl group at different positions of glucopyranosyl moiety. In particular, glucopyranosyl in 1-7 was modified by p-hydroxybenzyl, which is unusual. We speculate that, through a reaction of gastrodin alone or between molecules of the structural units, 1-7 and 9 were chemically generated during the decocting procedure or biogenetically synthesized during metabolism of the plant. To support this speculation, the following reactions were performed by refluxing water solutions of: Fortunately, 1-4, 7, 10, and 11 were detectable by UPLC-HRESIMS and subsequently isolated from the reaction mixture (d). These results indicated that: (a) gastrodin was highly stable in water; (b) d-glucose alone could not react with p-hydroxybenzyl alcohol or gastrodin in water; and (c) gastrodin had an unusual property to react with p-hydroxybenzyl alcohol. This suggests that the reactivity of d-glucopyranosyl moiety to p-hydroxybenzyl alcohol was significantly enhanced in gastrodin compared to d-glucose, which is chemically interesting. In addition, among the reaction products, only 11 was not yet isolated from the extract in this study, with the structure determined only by UPLC/Q-TOF MS analysis in previous literature [58] . The structure of synthetic 11 was identified by comprehensive analysis of spectroscopic data, including 2D NMR experiments (Fig. 2) , with the detailed physicochemical properties reported (see Experimental section).
Furthermore, fresh G. elata rhizomes were collected in the same field as the initial material and fresh extracts were prepared using EtOH and H 2 O by refluxing and soaking at room temperature, respectively. Subsequent UPLC-HRESIMS analysis demonstrated the existence of 4, 7, 10, and 11 in the extracts and relative higher abundances of 7 in the refluxed extracts compared to those in the extracts prepared at room temperature (see Figs. 4 and 5, and S100-S137 in Supplementary Material). Although we did not detect the presence of these compounds in living plant material without extraction, the above results confidentially indicate that these compounds occur in the decoction of "tian ma" that is ultimately utilized for the treatment of patients.
In conclusion, nine new gastrodin-derived analogues (1-9), together with seven known derivatives, were isolated from an aqueous extract of "tian ma", with their structures unambiguously assigned. Results indicated that the p-hydroxybenzyl-containing metabolites dominated the chemical constituents of "tian ma", including the major (p-glucopyranosyloxybenzyl citrates and gastrodin) and minor components (1) (2) (3) (4) (5) (6) (7) (8) (9) . Due to reactivity of co-occurring p-hydroxybenzyl alcohol and its derivatives (e.g., gastrodin and p-glucopyranosyloxybenzyl citrates) in the plant, production of "artificial products", including 1-7, 10, and 11, is difficult to avoid during extraction and isolation procedures; however, this does not mean that the plant cannot synthesize these compounds. In most cases, herbal medicines are utilized by formulating and decocting with water, and the higher reactivity of the chemical constituents represents a higher possibility of the formation of some potential effective compounds during decocting. We believe that this may be the real medicinal chemistry behind ancient Chinese traditional medicine and other traditional herbal medicines. Although the known compounds and compounds 1-9 were inactive in the current cell-based assays, their potential significance for the clinical application of "tian ma" will be evaluated in other assay systems including animal models.
Experimental

General Experimental Procedures
The UV spectra were obtained on a Cary 300 spectrometer (JASCO, Tokyo, Japan) and the IR spectra were recorded on a Nicolet 5700 FT-IR microscope instrument (FT-IR microscope transmission, Thermo Electron Corporation, Madison, WI, USA). Both 1D and 2D NMR spectra were acquired with 500 or 600 MHz for 1 H and 125 or 150 MHz for 13 
Plant Material
The rhizomes of Gastrodia elata were collected at the plantation field Xiao Cao Ba in Yunnan Province, China, in December 2009. Plant identification was verified by Mr. Lin Ma (Institute of Materia Medica, Beijing 100050, China). A voucher specimen (No. ID-S-2384) was deposited at the herbarium of the Department of Chemistry of Natural Products, Institute of Materia Medica, Beijing, China. Fresh G. elata rhizomes were collected from the same field in July 2018.
Extraction and Isolation
The steamed and air-dried G. elata rhizomes (50 kg 
Hydrogenation of 1-5
Compounds 1-5 (3 mg each) and Pd/C (6 mg) were separately dissolved in MeOH (5 mL) and hydrogenated for 12 h, then filtered and evaporated under reduced pressure. The residue was isolated by preparative thin layer chromatography (PTLC, CH 2 Cl 2 -CH 3 OH, 3:1) to yield a product (1.4-2.0 mg) retention factor (R f ~ 0.6) (TLC, CH 2 Cl 2 -MeOH, 3:1), retention time (t R ~6.1 min) (HPLC, Grace C 18 column, 5 μm, 38% MeOH in H 2 O containing 1% HOAc, 220 nm, 2.0 mL/min), and [ ] 20 D − 53.5−59.4 (c 0.21−0.34, CH 3 OH), which were consistent with those of authentic gastrodin.
Hydrogenation and Enzymatic Hydrolysis of 6 and 7
Compounds 5 or 6 (5 mg each) and Pd/C (10 mg) were separately dissolved in MeOH (5 mL) and hydrogenated for 12 h, then filtered and evaporated under reduced pressure. The residues were separately hydrolyzed in H 2 O (5 mL) with β-glucosidase (5.0 mg) at 37 °C for 36 h, then extracted with EtOAc (3 × 5 mL). The aqueous phase was dried by N 2 and chromatographed over silica gel, followed by elution with CH 3 
Alkali Hydrolysis of 8
Compound 8 (5 mg) was dissolved in 3% NaOH (5 mL) and stirred for 6 h, then neutralized with 2 N HCl and evaporated under reduced pressure. The residue was isolated by PTLC (CH 2 Cl 2 -CH 3 OH 3:1) to yield a product (3.9 mg) with retention factor (R f ~ 0.6) (TLC, CH 2 Cl 2 -MeOH, 3:1), retention time (t R ~6.1 min) (HPLC, Grace C 18 column, 5 μm, 38% MeOH in H 2 O containing 1% HOAc, 220 nm, 2.0 mL/min), and [ ] 20 D − 57.6 (c 0.26, CH 3 OH) consistent with those of authentic gastrodin.
Acid hydrolysis of 9
Compound 9 (2.5 mg) was dissolved in 2 N HCl (3 mL) and stirred for 6 h, then neutralized with 2 N NaOH and extracted with EtOAc (3 × 5 mL). The aqueous phase was evaporated under reduced pressure, and chromatographed over silica gel, followed by elution with CH 3 CN-H 2 O (8:1) to yield a sugar (0.8 mg) with retention factor (R f ~0.2) (TLC, CHCl 3 -MeOH-HOAc-H 2 O 7:3:2:1) and [ ] 20 D + 37.2 (c 0.08, H 2 O), consistent with those of authentic d-glucose.
Reaction of Gastrodin with 4-Hydroxybenzyl
Alcohol
